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Energy-dependent apparent step heights of two-dimensional ultra-thin Pb islands grown on the
Si(111)6×6Au surface have been investigated by a combination of scanning tunneling microscopy,
first-principles density functional theory and the particle in a box model calculations. The apparent
step height shows the thickness and energy dependent oscillatory behavior, which is directly related
to the spilling of electron states into the vacuum exhibiting a quantum size effect. This has been
unambiguously proven by extensive first-principles scanning tunneling microscopy and spectroscopy
simulations. An electronic contribution to the apparent step height is directly determined. At
certain energies it reaches values as high as a half of the atomic contribution. The applicability of
the particle in a box model to the spilling of electron states is also discussed.
PACS numbers: 68.65.Fg, 73.21.Fg, 68.37.Ef
I. INTRODUCTION
Behavior of metallic quantum wells (QW) on semi-
conductor surfaces exhibiting quantum-size effects (QSE)
has been a topic of great fundamental interest for many
years [1–3]. The spatial confinement of electrons and the
presence of discrete electronic subbands affect electronic
properties of ultrathin films, as shown for the electrical
resistivity [4–6], Hall coefficient [7, 8], surface morphol-
ogy [9–15], surface energy [16, 17], work function [18, 19],
chemical reactivity [20], electron phonon coupling [21],
superconducting transition temperature [22, 23], Kondo
temperature [24], Rashba spin-orbit interaction [25], and
Friedel oscillations [26, 27], to name a few.
Ultrathin Pb layers have been a prominent test labora-
tory for studying electronic quantum effects in nanoscale
metallic objects. Theoretical and experimental studies
indicated that structural and morphological properties of
ultrathin Pb films are related to QSE. Minimization of
the total internal energy of Pb island with a thickness de-
pendent QSE electronic component leads to the growth of
islands with preferential magic thicknesses [10, 11, 14, 28–
31]. In a continuous layer this minimization manifests
itself as a variation of the measured Pb apparent step
height (ASH). Expansion and contraction of the top layer
were observed in the scattering of He atoms from Pb epi-
taxial layers on Cu(111) [32] and on Ge(001) [33] sub-
strates. The density functional theory (DFT) calcula-
tions confirmed QSE origin of the 2 ML periodicity in
the expansion/contraction of Pb layers separation [16].
The apparent step height has also been measured by x-
ray diffraction [34] and scanning tunneling microscopy
(STM) in a number of QSE systems [3, 10, 11, 13, 30, 35].
It has been proposed that the main reason for oscilla-
∗Electronic address: mariusz.krawiec@umcs.pl
tion of the ASH is a thickness-dependent variation of an
electron density outside the quantized film. Moreover,
it was found that the ASH may depend on the energy,
or on the STM bias, chosen to probe the sample, since
the quantum well state (QWS) dominates the electronic
structure of the system [3]. In the simplest approach, i.e.
within a free-electron model applied to a finite quantum
well, the states ”spill out” of the geometrical border of
the well [36]. The spilling should be larger for the QWSs
closer to the vacuum level. Thus, it can be expected that
the measured thickness of the QW depends on the energy
of sampling electrons. The STM technique is exception-
ally well suited to study such effects. In particular, the
STM enables the exploration of surface electron densities
within a broad energy range around the Fermi level.
In the present work we address the issue of bias-
dependence of the apparent step height in quantum wells,
and unambiguously prove that the spilling of electron
states into the vacuum is governed by energy position
of QWS. We determine the electronic contribution to the
ASH, which is a substantial fraction of the atomic contri-
bution, and at certain energies it may reach value as high
as a half of that coming from the atoms arrangement.
We prove that the electronic effects prevail the atomic
lattice expansion/contraction, the electronic effects may
even overwhelm the atomic ones leading to reversing of
the apparent step height variation upon change of the
sample bias in the STM experiments. As an example, we
consider Pb quantum wells on Si(111)6×6-Au substrate.
This substrate was chosen because of the specific Pb
growth mode achievable [37]. Even the first monatomic
layer of Pb film has well defined crystalline structure and
exhibits clear QSE [38]. The STM topography measure-
ments reveal the thickness- and bias-dependence of the
apparent step height. A direct relation between the ASH
and the spilling of QWSs into the vacuum is unambigu-
ously proven by extensive first-principles scanning tun-
neling microscopy simulations based on DFT. Depend-
2ing on energy the QWS can evanesce in the vacuum
at different distances. The above observations are ex-
plained semi-qualitatively within the particle in a box
model, which confirms the applicability of this model to
QSE systems. The present study shows that in ultrathin
metallic films step height determination with STM has
to be accompanied by at least simple analysis based on
finite quantum well model of the QSE states, and their
contribution to the bias dependent tunneling current.
II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS
Samples were prepared in an ultra-high vacuum (UHV)
chamber equipped with a STM (type OMICRON VT)
and reflection high energy electron diffraction (RHEED)
apparatus. The base pressure was 5 × 10−11 mbar. In
order to produce Si(111)6×6-Au reconstruction about 1.6
ML of Au was deposited onto the Si(111)7×7 substrate
and annealed for 1 min. at about 950 K, and then the
temperature was gradually lowered to about 500 K within
3 min. Direct resistive heating was used. A series of the
Pb films with average thickness between 0.5 to 6 ML have
been in situ deposited onto the substrate held at 170 K
in the STM stage. The deposition rate was equal to 0.2
ML of Pb(111) per minute. All STM measurements were
performed at the sample temperature equal to 170 K and
the tunneling current equal to 0.1 nA.
Density functional theory calculations were performed
within Perdew-Burke-Ernzerhof (PBE) [39] general-
ized gradient approximation (GGA) using projector-
augmented-wave potentials, as implemented in VASP
(Vienna ab-initio simulation package) [40, 41]. The plane
wave energy cutoff for all calculations was set to 340
eV, and the Brillouin zone was sampled by a 5 × 5 × 1
Monkhorst-Pack k-points grid [42]. The spin-orbit inter-
action was omitted.
To simplify calculations, the Si(111)
√
3 ×√3-Au unit
cell has been adapted, which is locally similar to the
Si(111)6×6-Au [43]. The Si(111)-Au system has been
modeled by 8 Si double layers and the reconstruction
layer. A vacuum region of 20 A˚ has been added to avoid
the interaction between surfaces of the slab. All the
atomic positions were relaxed, except the bottom layer,
until the largest force in any direction was below 0.01
eV/A˚. The Si atoms in the bottom layer were fixed at
their ideal bulk positions and saturated with hydrogen.
The lattice constant of Si was fixed at the calculated
value, 5.47 A˚.
Based on the obtained electronic structure data of
the Si(111)-Au surface described above, scanning tun-
neling microscopy simulations were performed by us-
ing Bardeen’s electron tunneling model [44] implemented
in the BSKAN code [45–47]. The employed tunneling
model takes into account electronic structures of both
the Si(111)-Au surface and tungsten tips. We consid-
ered blunt and sharp tungsten tip models following Refs.
[48, 49] to investigate the effect of tip sharpness on the
apparent step height. The blunt tip is represented by
an adatom adsorbed on the hollow site of the W(110)
surface, and the sharp tip is modeled as a pyramid of
three-atoms height on the W(110) surface. More details
on the used tip geometries and electronic structure cal-
culations can be found in Ref. [48]. Note that the shape
of the tip apex structure will influence the transmission
probability via the Bardeen tunneling matrix elements,
thus the tunneling current.
III. RESULTS AND DISCUSSION
For coverages studied here Pb formed well resolved 1
and/or 2 ML thick islands. Their average lateral size
increased with the average film thickness. For average
coverages less than 1 ML, Fig. 1 (a), only 1 ML thick
islands and single Pb atoms were seen. After deposition
of 1 ML Pb the surface of the film was flat. For average
coverages between 1 and 2 ML, Fig. 1 (b), only 1 ML
high islands on the 1 ML thick Pb background were seen.
No islands were seen after deposition of 2 ML. Further
increase of the coverage, within the range from 2 to 4 ML,
resulted in the growth of a mixture of 1 and 2 ML thick
islands, as shown in Fig. 1 (c). At the coverage equal to
4 ML the film was again perfectly flat. This process was
repeated for the coverages between 4 and 6 ML of Pb.
Thus, at this particular temperature of deposition, the
film grew in a layer by layer mode for the coverages up
to 2 ML and in the mixed single and double monolayer
modes for the larger coverages. Apparently, the 2, 4, and
6 ML thick films are more stable than those with an odd
number of monolayers. This finding agrees well with the
theoretical predictions [16].
The apparent step height was determined from STM
topographic data similar to that presented in Fig. 1. A
large number of the samples with various coverages was
produced and scanned with a sample bias Vbias ranging
from -2.5 V to +2.0 V. Next, the inevitable slope of the
image background was carefully corrected and the image
height histograms were calculated. The presence of the
Si(111) steps (not shown here) allowed the calibration
of the STM vertical gain. Examples of the histograms
are shown in Fig. 1. Series of STM scans, similar to
that displayed in Fig. 1, produced plots of the ASHs
as a function of the sample bias. Figure 2 (a) shows
the averaged data of several samples. The accuracy of
the ASH determination was estimated to be ± 0.01 nm.
Two interesting features are seen. First, all curves show
strong bias dependence. Second, the ASHs on the film
with odd number of monolayers behave opposite to those
on even number of monolayers (including the 1 ML on
the substrate). For negatively biased samples the ASH of
2 ML and 4 ML Pb, the measured apparent step height is
much lower than the bulk value d0 = 0.285 nm, whereas
for 1 ML and 3 ML Pb, it is noticeably larger. As a
consequence, for a fixed bias, especially for the negative
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FIG. 1: (Color online) Examples of STM topographic images
and corresponding histograms of the step height for Pb de-
posited and measured at 170 K on Si(111)-(6×6)Au. The Pb
coverages are 0.15, 1.4, and 2.8 ML, their size 30 × 30 nm2,
50×50 nm2, and 100×100 nm2, for (a), (b), and (c), respec-
tively. The data were recorded with the sample bias equal to
-2.0 V for the sample (a) and (b), and -2.5 V for the sam-
ple (c). The tunneling current was equal to 0.1 nA. For all
histograms origin of the x-axis is set at the level of the sub-
strate. Arrows indicate thicknesses expected for islands with
multiples of the of the bulk Pb(111) ML, equal to 0.285 nm.
bias, the ASH varies with 2 ML periodicity.
In order to explain the observed oscillations of the ASH
we have performed extensive first-principles STM simula-
tions based on DFT. First, the STM topography images
of the surfaces consisting of a different number of Pb lay-
ers have been calculated in the constant current mode for
various voltages and the tunneling current, correspond-
ing to the experimental value. Next, to get the ASH of
the N -th layer, we averaged the topography of the surface
with N layers over the surface unit cell, and subtracted
the corresponding value for the surface with N−1 layers.
Such procedure is closely related to the experimentally
determined ASH, and the results of calculations with the
model blunt and sharp tips are shown in Fig. 2 (b) and
(c), respectively. The two tip models give similar re-
sults for the trends of the ASH, thus we can conclude
that the bias voltage dependent ASH is governed by the
QW states of the surface. This also suggests that the
possible instability of the tip in STM experiments is not
expected to qualitatively alter the measured ASH, which
might turn out to be very useful for future experimen-
tal STM studies of QWS. Clearly, the experimental data
of Fig. 2 (a) are reproduced well, especially for nega-
tive sample bias. A poorer agreement in the empty state
regime is due to known limitations of DFT approach.
Note however, that the empty-state DFT results coincide
with the experimental data, provided they are artifically
shifted by ∼ +1 V (compare panels (a) and (b) of Fig.
2). Perhaps more sophisticated approaches, like GW or
time-dependent DFT, should give better agreement in
the empty state regime. Slightly higher values calculated
for 1 ML Pb, than the experimentally found are due to
different substrates used in the experiment and in calcu-
lations, as it was discussed in Sec. II. Nevertheless, the
shape of the calculated 1 ML ASH is very similar to the
experimental one.
Strong dependence of the apparent step height on the
tunneling bias suggests the electronic origin of the ob-
served phenomena. The procedure used in calculations
allows to directly determine both the atomic as well as
the electronic contributions to ASH. In general, the ASH,
dtot, can be expressed as
dtot = dat + del, (1)
where dat is the atomic contribution, simply given by
difference of the z-coordinates of the atoms forming 2
subsequent layers of Pb, and independent of the sam-
ple bias. del is the height associated with the electronic
contribution to the ASH, obviously bias dependent. The
atomic and electronic contributions to the ASH as a func-
tion of the Pb layer number are shown in Fig. 3. The
atomic contribution is the same for both considered tip
models [Fig. 3 (a)], whereas the electronic contributions
are shown in Fig. 3 (b) and (c), respectively calculated
using the blunt and sharp tip models. Similarly to Fig.
2, we find that the two geometrically different tip apex
structures provide similar trends for the electronic con-
tribution of the ASH. Moreover, it is seen that all parts
of Fig. 3 oscillate with periodicity of 2 ML Pb, and the
electronic contribution can be positive or negative.
Interestingly, the electronic part features higher am-
plitude of the oscillations, than the atomic part. This
amplitude depends on the sample bias, and increases as
the absolute value of sample bias is decreased. As a re-
sult, at certain bias voltages, the electronic contribution
to the ASH may be as large as a half of the atomic one,
especially for thinner Pb QWs. Compare the -0.5 V curve
in panel (b) with panel (a). All this confirms that the
ASH measured by STM is substantially influenced by the
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FIG. 2: (Color online) Apparent step height at various sample bias voltages determined from the experimental STM topographic
images (a) and from DFT calculations using blunt (b) and sharp (c) tungsten tip models. The marks N = 1− 4 denote the Pb
layer number, i.e. Nth Pb layer on a substrate composed of N −1 Pb layers. The lines are drawn as eye guides. The horizontal
line denotes the bulk Pb(111) monolayer spacing d0 = 0.285 nm.
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FIG. 3: (Color online) Atomic and electronic contributions to the apparent step height as a function of the Pb layer number:
(a) atomic contribution does not depend on the tip and on the bias voltage, (b) electronic contribution based on Fig. 2 (b)
calculated by the blunt tip, (c) electronic contribution based on Fig. 2 (c) calculated by the sharp tip. Note that only the
electronic part depends on the sample bias. The horizontal line in (a) denotes the bulk Pb(111) inter-layer spacing.
electronic effects, i.e. by the spilling of the quantum well
states into the vacuum.
To get a deeper and more intuitive insight into the
spilling of the QWS and its impact on the apparent step
height, we evoke the one-dimensional model of a non-
interacting electron gas confined in a finite square QW.
Albeit this model neglects the layered crystal structure
of the film and the presence of the substrate, it was pre-
viously successfully applied in explanation of the QSE
in the electron photoemission [38]. The simple 1D QW
model focuses on basic physics related to the ASH ef-
fects observed in real experiment. In this model width
of the quantum well is equal to N × d0, with N being
the number of the Pb monolayers, the effective electron
mass m∗ is equal to 1.002m0, the Fermi energy EF is
equal to 9.685 eV, and the work function is equal to 4.35
eV. For each QW the shape of the wavefunctions ψn and
their energy En were calculated. For explanation of the
measured variation of the ASH the interesting quantity
is the expansion (spilling out) of the wavefunctions ψn
outside of the film and its dependence on energy of the
quantum state.
Figure 4 (a) shows the energies of the QW states and
corresponding wavefunctions for a QW of the width of 2
ML Pb. Note the spilling out of the wavefunctions out-
side the well. As it is displayed in Fig. 4 (b) in the loga-
rithmic scale, outside the QW the density of states of ψn
decays exponentially with the slope of log(ψnψ
∗
n) depend-
ing on the energy of the quantum level. To understand
the physical origin of the apparent step height oscillation
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the QW. Notice exponential decay outside the QW. The low
lying states extend much less than the states with the higher
energy.
and its bias dependence, we recall the Tersoff-Hamann
[50] approach to the tunneling. The Tersoff-Hamann
model can be derived from the Bardeen tunneling for-
mula by assuming an s-type tip. This popular model,
though very simple, works reasonably well to understand
electron tunneling and STM images in a large variety
of surface systems with simple electronic structure. To
provide a simple physical picture for the understanding
of the ASH oscillations involving the QW states in our
1D QW model, we have used the Tersoff-Hamann tun-
neling model assuming that the transmission probability
through the barrier and density of states of the tip are
constant at all energies. This is sufficient to capture the
basic physics in QW systems. According to the Tersoff-
Hamann model, the tunneling current is described by the
equation:
I(R) ∝
En<EF+eVbias∑
En>EF
| ψn(R) |2 . (2)
Here | ψn(R) |2 denotes the local density of the state
n at the tip position R. In the case of extremely thin
QW studied here, and the bias ranges applied, only sin-
gle highest occupied (HO) or the lowest unoccupied (LU)
QW states contribute to the tunneling current at once.
The Eq. 2 shows that the tunneling current is propor-
tional to the local density of states at the position of
STM tip, the quantity displayed in the Fig. 4 (b). Cor-
respondingly, the condition of constant tunneling current
to, or from one specific QW level, requires adjusting the
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FIG. 5: (Color online) The calculated energies (asterisk and
plus symbols) of the QW states nearest to the the Fermi en-
ergy as a function of the film thickness (a). Upper and lower
insets show schematic energy diagrams for the 3 ML thick QW
during tunneling to the lowest unoccupied (LU) and highest
occupied (HO) states, respectively. The open circles denote
the energies of the QW states determined in the photoemis-
sion experiment [38]. (b) Corresponding distances from the
geometric border of the QW at which the density of the LU
and HO states ψnψ
∗
n
is equal to 10−6.
tip at the distance where ρ = ψnψ
∗
n is the same. Conse-
quently, the tunneling condition was set as typical, with
experimental sample-tip distance equal 5 A˚ [51]. From
the figure 4(b) follows that such distance, at least for
states n = 3 and 4, i.e. states located within the energy
range used in the experiment, corresponds to the electron
density between 10−4 and 10−8. Therefore we have cho-
sen the logarithmic mean value of 10−6 in calculations.
Figure 5 shows both, the calculated energies of the LU
and HO states [panel (a)], and the distances at which
their density is equal to 10−6 [panel (b)]. It is worth-
while to note that experimentally determined positions
of the QW states [38] shown in the Fig. 5 (a) as open
circles, lie close to the theoretical ones and show similar
thickness dependence. Based on the data of the Fig. 5
(b) the origin of the bias dependence of the apparent step
height shown in Fig. 2, can be explained as follows.
1 ML Pb. Here only one quantum state is accessible
for tunneling. According to the data of Fig. 5 (a) it lies
about 0.5 eV below the EF and the tunneling current can
flow easily for negatively biased sample. This state spills
far into vacuum and its energy position is almost inde-
pendent of k‖ vector. Moreover, it spreads over a large
part of the Brillouin zone. For these reasons, the tunnel-
ing current is high and the STM tip has to be retracted,
giving large value of the ASH at negative sample bias.
6For the positively biased sample there is no accessible
state and in order to keep the same tunneling current,
the tip has to be moved closely to the sample. As the
curve 1 in Fig. 2 (a) shows, the measured ASH changes
from 0.4 nm to about 0.32 nm, for -2 V and +2 V of the
sample bias, respectively.
2 ML Pb. For this QW two quantum states can con-
tribute to the tunneling current. Both the HO and the
LU states are placed approximately symmetrically to the
Fermi energy, but their spilling differs considerably, com-
pare QW states n = 3 and 4 in Fig. 4 (a) and (b). For n
= 4 state (LU) the charge density 10−6 is obtained at the
distance around 4 A˚ larger than in the case of n =3 state
(HO). Consequently, the STM tip has to be retracted for
positive sample bias. Exactly this behavior is observed
in Fig. 2 for curves with N = 2, albeit the ASH yields
∼ 1 A˚.
3 ML Pb. The behavior of the bias-dependent ASH
resembles the situation in the case of a single Pb layer
on the bare substrate (N = 1), as the HO state is lo-
cated below the Fermi energy. However its energy is al-
most 3 eV lower than in the case of N = 1. Thus, such
low energy should not contribute to the current in the
bias range used in the experiment. However, this state
is more dispersive, and the tunneling to the k‖ 6= 0 at
lower voltages dominates. Moreover, the photoemission-
determined QW state for 3 ML thick QW [38] is located
just below the Fermi energy. Note, that according to the
model calculation, this state is located above, albeit very
close to the EF . In real situation, we can assume that
this state will contribute to current at both sample bias
polarizations. Thus the difference in the ASH for posi-
tive and negative sample bias is expected to be smaller,
as comapred to the N = 1 case. Indeed this can be seen
in Fig. 2 (curve 3).
4 ML Pb. The situation reverses again and resembles
the case of N = 2. The HO and LU states are located
approximately symmetrically with respect to the EF at
energies, which are captured by present STM measure-
ments. Moreover, the LU state extends much further into
vacuum than the HO, see Fig. 5 (b), thus the observed
ASH is higher at the positive sample bias, as it is shown
in Fig. 2 (curve 4).
The above discussion clearly indicates that this sim-
ple model explains the most important features of the
experimental data and of the DFT calculations such as
variation of the apparent step height with the sample bias
and its oscillations with 2 ML periodicity.
IV. CONCLUSIONS
In conclusion, the apparent step height measured by
scanning tunneling microscopy shows the thickness and
energy dependent oscillatory behavior, which is directly
related to the spilling of quantum well states into the vac-
uum. The electronic contribution to the apparent step
height can be as large as a half of that coming from the
arrangement of atoms. Thus the interpretation of step
height in ultrathin film determined with scanning tun-
neling microscopy needs a great care and knowledge of
its energy dependence. Finally, the simple model of the
particle in a box contains most of the relevant physics to
be successfully applied for systems exhibiting quantum
size effect.
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